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ARTICLE
Uncoupling and Turnover in a Cl−/H+ Exchange Transporter
Michael Walden, Alessio Accardi, Fang Wu, Chen Xu, Carole Williams, and Christopher Miller
Department of Biochemistry, Howard Hughes Medical Institute, Brandeis University, Waltham, MA 02454
The CLC-family protein CLC-ec1, a bacterial homologue of known structure, stoichiometrically exchanges two Cl− 
for one H+ via an unknown membrane transport mechanism. This study examines mutations at a conserved tyro-
sine residue, Y445, that directly coordinates a Cl− ion located near the center of the membrane. Mutations at this 
position lead to “uncoupling,” such that the H+/Cl− transport ratio decreases roughly with the volume of the sub-
stituted side chain. The uncoupled proteins are still able to pump protons uphill when driven by a Cl− gradient, 
but the extent and rate of this H+ pumping is weaker in the more uncoupled variants. Uncoupling is accompanied 
by conductive Cl− transport that is not linked to counter-movement of H+, i.e., a “leak.” The unitary Cl− transport 
rate, measured in reconstituted liposomes by both a conventional initial-velocity method and a novel Poisson dilu-
tion approach, is  4,000 s−1 for wild-type protein, and the uncoupled mutants transport Cl− at similar rates.
INTRODUCTION
The CLC family of Cl−-transporting proteins includes 
two mechanistic subclasses: channels and exchange 
transporters (Jentsch et al., 2005a; Miller, 2006). The 
Cl− channels, which have been studied electrophysio-
logically for decades, carry out numerous biological 
tasks requiring gated Cl− conductance of plasma mem-
branes (Jentsch et al., 2005b). The exchangers, only 
  recently recognized (Accardi and Miller, 2004; Picollo 
and Pusch, 2005; Scheel et al., 2005; De Angeli et al., 
2006), stoichiometrically move Cl− and H+ across the 
membrane in opposite directions and mainly reside in 
the membranes of acidifi  ed intracellular compartments 
such as endosomes, lysosomes, neurotransmitter vesicles, 
and plant vacuoles. Of the nine human CLCs, four are 
channels and two exchangers (the remaining three being 
unexplored or controversial in function), as   deduced 
from electrophysiological measurements (Picollo and 
Pusch, 2005), isoform homologies, and a putative diagnos-
tic glutamate residue distinguishing the two subclasses 
(Accardi et al., 2005).
A bacterial CLC exchange transporter, CLC-ec1, is 
uniquely amenable to combined electrophysiological 
and structural analysis (Dutzler et al., 2002, 2003; Accardi 
et al., 2005, 2006; Nguitragool and Miller, 2006). We 
hope to understand coupled Cl−/H+ transport by this 
CLC homologue, as well as to discover mechanistic cor-
respondences between exchange in the CLC transport-
ers and voltage- and H+-dependent gating in the CLC 
channels (Miller, 2006). Very little is known about the 
inner workings of Cl−/H+ exchange, but we recently 
described three phenomenologically distinguishable 
ways to uncouple transport of the anion from counter-
transport of the proton, such that proton movement is 
reduced while anion movement persists. First, H+ move-
ment is completely abolished by mutation of either of 
the two glutamate residues that mediate H+ transfer 
from aqueous solution to the protein interior (Accardi 
and Miller, 2004; Accardi et al., 2005). Second, substitu-
tion of Cl− with nonhalide anions such as NO3
− and 
SCN− reduces H+ movement while retaining robust 
  anion transport (Nguitragool and Miller, 2006). Finally, 
mutation of Y445, a tyrosine residue conserved in both 
channel and transporter subfamilies, leads to variable 
uncoupling, depending upon the residue substituted 
(Accardi et al., 2006).
The present investigation follows up this last means 
of uncoupling by examining an expanded panel of 
  mutants at Y445. It also addresses a mechanistically 
impor  tant question heretofore left unanswered: when 
the H+/Cl− transport ratio is decreased by mutation, 
what happens to the absolute rate of Cl− transport? Is 
it greatly decreased, as might happen in a stalled 
exchanger, or is it greatly increased, as expected if the 
  uncoupling mutations convert the transporter into a Cl− 
channel? Our previous estimate of the unitary turnover 
rate of CLC-ec1 was crude and merely set an upper limit 
on the true value (Accardi and Miller, 2004). By a novel 
application of Poisson analysis to Cl− fl  uxes in  liposomes, 
we now   arrive at a reliable value of the absolute unitary 
transport rate and show that the uncoupled mutants all 
have rates of Cl− turnover similar to that of wild type.
MATERIALS AND METHODS
Biochemical
Chemicals and other materials were of reagent quality. Expres-
sion, His-tag cleavage, purifi  cation, and liposome reconstitution 
of CLC-ec1, the product of Escherichia coli gene clcA (accession 
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P37019), were performed as previously described (Accardi et al., 
2004), except that for samples used in liposome fl  uxes, the fi  nal 
purifi  cation step was gel fi  ltration on Superdex 200 rather than 
anion exchange chromatography on Poros HQ, which was used 
exclusively for planar lipid bilayer experiments. All preparations 
(typically 1–10 mg/ml in 5–20 mM decylmaltoside) were checked 
by overloaded SDS-PAGE to be free of His-tagged and other con-
taminating bands. Point mutants were constructed by conven-
tional PCR methods and were fully sequenced. All mutants 
reported expressed well (1–3 mg/liter culture) and gave gel fi  ltra-
tion profi  les identical to the wild-type homodimer.
Liposomes were formed within 1 d of protein preparation by 30-h 
dialysis of micellar solutions containing E. coli polar lipid (Avanti, 
20 mg/ml), detergent (Chaps, 35 mM), and protein (0.03–50 μg/mg 
lipid). Protein concentration is reported throughout as protein/
lipid weight ratio, denoted “protein density.” Liposomes used for 
planar bilayer recording were prepared at a protein density of 
50 μg/mg in 450 mM KCl, 25 mM KH2PO4, 22.5 mM K3-citrate, 
2.5 mM citric acid, pH 7.5. Liposomes used for fl  ux measurements 
were formed with protein at 0.03–5 μg/mg, 300 mM KCl, and buff-
ered with 25 mM citrate for Cl− fl  ux experiments or 25 mM citrate/
25 mM phosphate (CPi) for H+ fl  ux experiments, adjusted with 
NaOH to the desired pH in the range 4.5–5.5. (Some experiments 
used 75 mM glutamate as buffer, with similar results.) After dialysis, 
liposomes were stored in aliquots at −80°C until the day of use.
Planar Lipid Bilayer Recording
Horizontal-confi  guration planar bilayers were formed from dec-
ane solutions of 1-palmitoyl-2-oleoyl phosphatidylethanolamine/
1-palmitoyl-2-oleoyl phosphatidylglycerol (7.5/2.5 mg/ml), as pre-
viously described (Accardi et al., 2004). The cis chamber, to which 
proteoliposomes were added, contained 290 mM KCl, 5 mM 
histidine-HCl, 5 mM glutamic acid, adjusted to pH 3.0 with KOH; 
the opposite trans chamber is defi  ned as electrical ground.
Thawed liposomes were sonicated for 5–20 s, and  1 μl of the 
suspension was squirted onto the bilayer to incorporate CLC-ec1 
transporters. Insertion was monitored by the increase in current 
at 50–100 mV holding voltage, with both cis and trans solutions at 
pH 3, a physiological pH for this protein (Iyer et al., 2002) where 
CLC-ec1 activity is maximal. After a few minutes the current stabi-
lized, typically at 100–2,000 pA, and a family of voltage pulses was 
recorded. To establish a 4-unit pH gradient, the trans chamber 
was perfused with the same solution adjusted to pH 7. Current–
voltage (I-V) curves were calculated by averaging the current 2–3 s 
after application of the command voltage.
Liposome Fluxes
Fluxes of H+ or Cl− were followed by continuous recording, with 
ion-specifi  c electrodes, in suspensions of liposomes reconstituted 
with CLC-ec1. Voltage from the electrodes was fed to an Orion 
701A high-sensitivity pH meter (Ebay.com) and digitized at 5–10 Hz 
by a DI-70 datalogger (DATAQ Instruments). Inward proton 
pumping driven by an outward Cl− gradient was assayed as 
  described previously (Accardi and Miller, 2004), using a glass pH 
electrode to follow H+ uptake in a lightly buffered suspension. 
After thawing, liposomes (2.5 μg/mg protein density) loaded 
with 300 mM KCl, 25 mM CPi, pH 4.8, were extruded 21 times 
through a 400-nm membrane fi   lter (Nguitragool and Miller, 
2006) and were then centrifuged through Sephadex G-50 (100-μl 
sample per 1.5 ml column) equilibrated with proton-pumping 
buffer (PPB), 290 mM K-isethionate, 10 mM KCl, 2 mM citrate, 
pH 5.2, and diluted 10-fold into PPB in a 2-ml stirred cell fi  tted 
with a pH electrode. Proton uptake was initiated by addition of 
1 μM valinomycin (Vln) and collapsed by FCCP (2 μM). Proton ef-
fl  ux experiments were set up analogously, using liposomes loaded 
with 300 mM KCl, 25 mM citrate/25 mM MES, pH 4.5, and sus-
pended in 300 mM KCl, 1 mM citrate/MES pH 6.5.
Net Cl− effl  ux was similarly followed with Ag/AgCl electrodes 
in a stirred cell temperature-controlled to 25°C. Electrodes were 
constructed from silver wire cleaned overnight in concentrated 
HNO3 and coated with AgCl by immersion in Clorox bleach or 
0.1 M FeCl3 solution. Liposomes reconstituted with 0.03–4 μg/
mg CLC-ec1, and loaded with 300 mM KCl, 25 mM citrate-NaOH, 
pH 4.5, were extruded and centrifuged through Sephadex G-50 
equilibrated in Cl− dump-buffer (CDB), 300 mM K-isethionate, 
1 mM KCl, 25 mM citrate, pH 4.5. The sample containing 1.2 mg 
lipid was added, and KCl effl  ux was evoked by Vln/FCCP. After 
1–3 min, 50 mM octylglucoside detergent was added to release all 
trapped Cl−. The electrode voltage signal, V(t), zeroed before ini-
tiating the effl  ux, was converted to the increase in Cl− concentra-
tion, ∆c(t), above the initial concentration c(0) by:
  -
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and α, an electrode-imperfection factor (of unknown origin) de-
termined by calibrating with 75 μM Cl− at the beginning of each 
experiment, falls in the range 0.93 ± 0.03. This time course was fi  t 
to a two-component relaxation, one for the fraction (1 − fo) of 
liposomes containing transporters, the other for the fraction (fo) 
devoid of protein:
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where ∆cT, the total concentration of Cl− released in the experi-
ment (determined directly by detergent addition), typically refl  ects 
an increase of 0.15–0.2 mM over the 1 mM Cl− present before 
the effl  ux. Here, kt and kL are the rate constants for Cl− fl  ux 
through the transporter and for the background leak through the 
liposome membrane, respectively. This background leak was mea-
sured in separate experiments on protein-free liposomes to be 
5.7 ± 0.5 × 10−4 s−1, typically 50-fold lower than the transporter-
mediated rate constant. For reasons explained in the text, we 
  report the inverse of kt as the useful transporter-mediated kinetic 
parameter, denoted the “average time constant,” <τ>. Experiments 
were temperature controlled at 25°C.
Electron Microscopy
Liposomes (5 mg/ml) reconstituted with wild-type transporter 
were applied in 3-μl drops to glow-discharged Quantifoil holy 
grids. These were blotted with fi  lter paper, plunged into liquid 
ethane, and transferred at liquid nitrogen temperature to the cold 
stage of a Phillips CM12 electron microscope. Images were taken 
at 120 kV under low-dose conditions (<20 electrons/Å2), at nomi-
nal magnifi  cation of 39,000. Only liposomes observed near the 
edges of the hole in the carbon fi  lm were used for   measuring the 
size distribution, since in this region, the thickness of the ice fi  lm 
is much thicker than the liposome radii. The radius of the holes in 
the carbon fi  lm, 600 nm, served as an internal size calibration.
RESULTS
Substitutions at Y445 Lead to Uncoupling
The crystal structure of CLC-ec1 (Fig. 1) displays three 
features intimating that Y445 might directly participate 
in the Cl−/H+ exchange mechanism. First, this residue’s 
phenolic hydroxyl group coordinates the dehydrated 
central Cl− ion, one of the Cl− ions that delineate 
the anion transport “pathway” in each subunit of the 
homodi  meric protein. Second, the Y445 side chain,   Walden et al. 319
along with that of S107, forms a constriction that isolates 
this occluded Cl− ion from the intracellular solution. 
Third, this side chain sits close to the intersection of the 
Cl− and H+ transport pathways (Accardi et al., 2005), 
halfway between the two water-exposed H+-transferring 
glutamates, as depicted in Fig. 1. For these reasons, Y445 
stands out as a residue worth examining, and indeed, we 
recently described several substitutions at Y445 that un-
couple Cl− transport to various extents (Accardi et al., 
2006). While large aromatic substitutions (F, W) were 
found to lower the H+-to-Cl− transport ratio only slightly, 
substitutions by A, E, and H decrease it drastically, and 
introduction of L here produces intermediate behavior. 
We also showed that uncoupled Y445 mutants destabi-
lize binding of Br−, a faithful Cl− substitute, in the   anion 
conduction pathway. These structural and functional 
  results suggest that this residue is likely to participate in 
the coordinated movement of Cl− and H+.
We now expand these initial observations by examin-
ing additional substitutions at Y445. Coupling in each 
mutant is gauged electrophysiologically in planar lipid 
bilayers reconstituted with purifi  ed transporter. With 
symmetrical Cl− and a 4-unit pH gradient, the position 
of the current–voltage (I-V) curve along the voltage axis, 
given by the reversal potential (Vrev), directly refl  ects 
the H+/Cl− transport ratio. Fig. 2 illustrates I-V relations 
representing the three functional classes of 445 vari-
ants: well-coupled, moderately uncoupled, and severely 
uncoupled. Wild-type protein reverses near −70 mV, 
refl  ecting a strict, stoichiometric H+/Cl− transport ra-
tio of 0.5 (Accardi and Miller, 2004; Nguitragool and 
Miller, 2006), and the well-coupled mutants Y445F and 
Y445W reverse slightly below this value (Accardi et al., 
2006). In contrast, Y445H is severely uncoupled, show-
ing almost no voltage shift with a pH gradient, and 
moderately uncoupled mutants such as Y445I reverse at 
voltages roughly halfway between these extremes (Fig. 2). 
Fig. 3 summarizes reversal potentials for the full panel 
of Y445 variants and shows the impressive correlation of 
this coupling parameter with side chain volume. Small 
or charged side chains (G, A, S, C, E, and H), lead to 
severe uncoupling, while the larger alkyl side chains V, 
I, and M recapitulate the moderate phenotype previ-
ously described for L. Substitutions with K and Q failed 
to produce functional protein.
H+ Pumping and Cl− Slippage Monitored by H+ Flux 
in Liposomes
Despite their lowered transport ratios, the Y445  mutants, 
even the weakly coupled ones, are still able to pump 
protons uphill at the expense of a Cl− gradient. This 
function is assayed (Fig. 4) by suspending liposomes 
loaded with high Cl− in low-Cl− solution (with symmet-
rical K+), and continuously monitoring the pH of the 
suspension (Fig. 4). Initially, no proton infl  ux   occurs 
because electrogenic exchange polarizes the membrane 
(inside positive), thereby self-inhibiting transport; addi-
tion of the K+ ionophore Vln relieves this electrical 
brake by dissipating the membrane potential and allow-
ing K+ to compensate for H+ and Cl− movements. As 
downhill Cl− effl  ux proceeds, coupled uphill H+ infl  ux 
is detected as a rise in pH of the liposome suspension, 
an effect that is reversed by proton ionophores. Fig. 4 
compares such proton-pumping traces for wild-type 
protein and three illustrative mutants. Proton uptake by 
the wild-type transporter represents pumping against 
an  2-unit pH gradient (Accardi and Miller, 2004), and 
similar behavior of lower amplitude and slower rate is 
observed with the well-coupled mutant Y445F. As ex-
pected from the impaired coupling seen electrophysio-
logically, Y445C shows little proton uptake; pumping is 
also seen with three other poorly coupled mutants, 
Y445H, A, and G, the last of these being the weakest 
(unpublished data). Y445V, which is moderately uncou-
pled, exhibits intermediate behavior, as we have ob-
served for three other such mutants, Y445L, M, and I 
(unpublished data). In summary, the Y445 mutants, like 
the wild-type protein, function as Cl−/H+ exchangers, 
with the strength of uphill proton pumping roughly 
paralleling the H+/Cl− transport ratio.
Figure 1.  Structure of CLC-ec1. The homodimeric protein, with 
each subunit in its own color, is shown viewed from the mem-
brane, extracellular side up. Bound Cl− ions are green spheres, 
and the extracellular and intracellular proton-transfer glutamates 
are space fi  lled in red. Blowup of boxed region is shown below, 
with crucial residues in the Cl− pathway indicated.320 Uncoupling and Turnover
What is the nature of transport remaining in the mod-
erately uncoupled mutants? Does it represent strict, 
tightly coupled exchange of hypertrophied stoichiom-
etry (6–8 Cl− per H+), or normal two-for-one exchange 
in parallel with a Cl− “leak” of some sort? We approach 
this question by examining a novel feature of H+ trans-
port that appears in the partly uncoupled mutants but 
is   absent in the fully coupled wild-type transporter: 
Vln-  independent H+ permeability. In these experi-
ments, which compare wild type and Y445I (Fig. 5), 
liposomes loaded with 300 mM KCl, pH 4.5, are sus-
pended in   symmetrical pH and KCl concentration. The 
external pH is abruptly raised to set up a large outwardly 
directed proton gradient, and the ensuing H+ effl  ux is 
followed. With wild-type protein, a slight acidifi  cation of 
the suspension due to background H+ leak is observed 
as previously   described (Nguitragool and Miller, 2006); 
transporter-mediated H+ release proceeds only after 
Vln is added to compensate charge and set the mem-
brane potential to zero. In contrast, with Y445I, H+ 
effl  ux proceeds as soon as the pH gradient is applied, 
without the need for Vln, at a rate 8– 10-fold faster 
than the background leak seen for wild type, which is 
similar to that for protein-free   liposomes (unpublished 
data). In the presence of Vln, H+ effl  ux for the mutant 
is substantially slower than for wild type, as might be 
expected from the impaired coupling of the mutant. 
These results imply that the mutant protein itself con-
tains a conductive leak that compensates the charge im-
balance of H+/Cl− exchange. What ion is responsible 
for this leak? The reduced, reconstituted system used 
here offers only two possibilities: Cl− or K+. A leak of 
either of these ions, Cl− outward or K+ inward, would 
permit H+ effl  ux via electrogenic H+/Cl− exchange. 
But K+ is not the culprit, since uncoupling mutations 
shift the transporter reversal potential toward ECl, the 
Figure 2.  pH-induced reversal poten-
tial shifts for Y445 variants. Currents 
arising from CLC-ec1 variants with 
the indicated amino acid at position 
445 were measured in planar bilayers 
in the presence of a 4-unit pH gradi-
ent (pH 3/pH 7). Top panels, voltage 
pulses from a holding voltage of zero 
to command voltages of −100 to 
+100 mV were applied for 3 s, fol-
lowed by a 1-s tail pulse to −100 mV. 
Scale bars represent 50 pA, 500 ms. 
Bottom panel, I-V curves derived 
from these traces.
Figure 3.  Correlation of H+/Cl− coupling ratio with side chain 
volume. Reversal potential Vrev produced by a 4-unit pH gradient 
at symmetrical 300 mM Cl− is plotted against the volume of the 
side chain (Zamyatin, 1972) at position 445 (mean ± SEM of 
three to fi  ve measurements in separate bilayers).  Walden et al. 321
Nernst potential for Cl−, and away from EK (Accardi 
and Miller, 2004; Accardi et al., 2005, 2006). We infer, 
then, that Y445I mediates two kinds of Cl− transport: 
stoichiometric exchange with H+, which reveals itself in 
Cl− gradient–driven H+ pumping, and a conductive Cl− 
leak that permits H+/Cl− exchange without Vln and ac-
counts for the reduced H+/Cl− transport ratio observed 
electrophysiologically. Y445I is used for these experi-
ments because its moderate degree of uncoupling sup-
ports enough proton transport to produce observable 
pH signals; we suppose that a similar Cl− leak accounts 
for uncoupling of the other Y445 mutants, although 
we cannot test this directly with the severely uncoupled 
mutants, which move H+ so poorly.
Unitary Turnover Rate for Cl− Transport
Do the uncoupling mutations reduce H+ or increase 
Cl− movement? Distinguishing these possibilities requires 
knowledge of absolute unitary Cl− transport rates, which 
are currently unknown. Our previous best efforts with 
wild-type protein yielded an estimated upper limit on 
turnover of  105 ions/s at 100 mV, via an electrophysio-
logical method known to be sample biased toward large 
values (Accardi et al., 2004). The profusion of  uncoupled 
mutants here motivates an improvement of the unitary 
turnover measurement. We describe two such measure-
ments on wild-type CLC-ec1 and apply them to the un-
coupled mutants.
The basic “Cl− dump” experiment, from which both 
measurements emerge, is simple in outline. Reconstituted 
liposomes are formed at low protein/lipid ratios, so 
that the number of protein molecules roughly matches 
the number of liposomes in the system; under these 
conditions, most of the transport-active liposomes will 
contain only a small number of transporters, and the 
remaining liposomes will be devoid of protein. The 
  liposomes are loaded with 300 mM KCl and diluted into 
300 mM K-isethionate/1 mM KCl. Valinomycin is added 
to initiate KCl effl  ux such that Cl− transport through 
the exchanger is rate limiting; a proton ionophore is 
also added to prevent buildup of pH gradients, and the 
external Cl− concentration is continuously recorded 
with a Cl− electrode (Fig. 6). Cl− promptly appears in 
the external solution, refl  ecting effl  ux from liposomes 
containing transporters, and detergent releases Cl− 
from all liposomes, including those without protein. As 
protein density p is systematically raised, Cl− effl  ux from 
the protein-containing liposomes speeds up, and the 
fraction fo of Cl− trapped in the protein-free liposomes 
decreases. We use these Cl− effl  ux time courses to calcu-
late unitary turnover rate in two independent ways: the 
“initial velocity” and “Poisson” methods.
1. Initial-Velocity Analysis
This enzymologically conventional method measures 
the initial velocity of Cl− appearance, v, (mol Cl−/s) as 
a function of protein density (Fig. 7 A); as expected, 
transport increases linearly with protein, the slope de-
termining the unitary turnover rate γ0 (ions/s):
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Figure 4. Cl−-driven H+ pumping by Y445 mutants. Proton uptake 
against a pH gradient, driven by outwardly directed Cl− gradient 
was assayed in liposomes reconstituted with the indicated CLC-ec1 
variants. Traces of external pH are shown. Uptake was initiated by 
Vln addition and reversed by FCCP. 
Figure 5.  Conductive leak in a partially uncoupled mutant. Lipo-
somes reconstituted with WT or Y445I were suspended in 300 mM 
KCl solution at pH 4.5. Proton effl  ux was initiated by raising pH 
to 6.5, and pH of the suspension was monitored. Valinomycin was 
added at arrows and FCCP at asterisks. Downward defl  ection indi-
cates acidifi  cation of the suspension.322 Uncoupling and Turnover
where MP is the transporter molecular weight (102,000 D) 
and L is the mass of lipid in the sample (1.2 mg). 
The unitary rate calculated by this method on the 30 
datasets of Fig. 7 A gives γ0  = 4,060 ± 100 ions/s, 
squarely within a range expected for transporters, and 
 20-fold lower than the upper limit previously esti-
mated (Accardi et al., 2004). But this calculation is po-
tentially fl  awed, as it relies on an untested assumption, 
that all the protein added to the detergent–lipid recon-
stitution mix ends up in the resulting liposomes as fully 
functional transporters; this analysis therefore produces 
a lower limit on the true turnover rate. Previous work 
argues that most of the protein is indeed active under 
these conditions (Maduke et al., 1999), but we consider 
this assumption shaky enough to warrant corroboration. 
For this reason, we introduce an alternative assay that 
does not rely on knowledge of the fraction of function-
ally competent protein in the preparation.
2. Poisson Analysis
This method seeks to measure the “unitary time con-
stant” τ* of Cl− effl  ux from a population of liposomes 
containing only a single transporter. Assuming that 
the liposomes are all spherical with radius r, the uni-
tary turnover rate γo is related to the unitary time 
constant by:
  p
g= =
tt
3
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where c0 is the Cl− concentration (ions/cm3) inside the 
liposomes at the beginning of the effl  ux. Experimentally, 
however, we have no way of preparing a uniform popu-
lation of liposomes each containing only a single trans-
porter. Instead, we must confront the inescapable 
inhomogeneity of the system, wherein some liposomes 
carry no protein, some a single transporter, some two 
such molecules, etc. If we assume that the reconstitu-
tion process randomly inserts proteins into liposomes 
of uniform size, then the fraction of liposomes, fi, con-
taining i transporters follows Poisson statistics:
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where μ = Np/NL, and Np and NL represent the number 
of active protein molecules and liposomes in the sample. 
Thus, Cl− fl  ux should follow a multiexponential normal-
ized relaxation R(t) in which the individual kinetic com-
ponents represent these liposome subpopulations:
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This relaxation is given in terms of the experimentally 
measured time-dependent change in external Cl− con-
centration, ∆c(t), above its initial value of  1 mM. The 
sum explicitly excludes the protein-free liposomes, since 
these do not participate in the fast phase of Cl− release 
(see Materials and methods).
A useful kinetic metric for a multiexponential relax-
ation (for which a single time constant is meaningless) 
is its total area, which, thanks to a felicitous property of 
the exponential function, takes the form of an “average 
time constant” <τ>:
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Moreover, since the effl  ux rate from a given liposome is 
proportional to the number of transporters in it, the in-
dividual time constants τi are all given in terms of the 
unitary time constant τ*:
  t= t i */i. (6)
Thus, the relation between the effl  ux time course and 
the protein/lipid ratio depends on only a single kinetic 
parameter τ*, indeed, the very parameter needed, Eq. 2, 
to calculate the unitary turnover rate:
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Although <τ> is defi  ned as the area under the effl  ux 
time course, it can be measured more simply than by 
Figure 6. The  “Cl−-dump” experiment: raw traces. Liposomes 
reconstituted with CLC-ec1 at the indicated protein density (μg/mg) 
and loaded with 300 mM Cl− were suspended in 1 mM Cl−   medium, 
and external Cl− concentration was monitored. Effl  ux  was 
  initiated by addition of Vln + FCCP. After most of the transport-
ing  liposomes had dumped their Cl−, detergent was added to 
  release Cl− from the entire population of liposomes. Released Cl− 
is shown normalized to the fully dumped value. Experimental 
time courses (black traces) are fi  t with exponentials (red) as 
described in   Materials and methods.   Walden et al. 323
  integration. It turns out that a Poisson-weighted multi-
exponential relaxation is approximated well by a single 
exponential, as has been noted in various experimental 
contexts (Apell and Läuger, 1986; Barzykin and Lednev, 
1993; MacKinnon et al., 1993). Therefore, <τ> is reli-
ably estimated (within 5% error, as shown by simula-
tion) by the time constant of a single-exponential fi  t to 
the Cl− effl  ux data.
Intuition expects and Eq. 7 demands that <τ> must 
fall as protein density is increased in the reconstituted 
liposomes. The infi  nite sum cannot be recast in familiar 
analytic functions, but it is easy to calculate directly 
since it quickly converges for values of μ used here, typi-
cally after nine terms. Thus, Eq. 7 predicts how the mea-
sured effl   ux time constant should vary with protein 
density (Fig. 7 B). This variation determines τ*, the 
limit of <τ> as protein density approaches zero, where 
only a small fraction of the liposomes carry protein, and 
most of those carry only a single copy. Since τ* is merely 
the zero-protein intercept of the <τ> vs. p plot, its value 
does not rely on knowing the fraction of protein that is 
functional, as the Poisson parameter μ is simply propor-
tional to total protein density p,
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and NA is Avogadro’s number, φ the (unknown) frac-
tion of active protein, and λ the (unknown) number of 
liposomes per mass of lipid. The value of τ* derived 
from this analysis is 54 s (Fig. 7 B).
Before proceeding, we pause to consider whether 
this Poisson model validly represents our experimental 
  system. The treatment makes two readily testable pre-
dictions involving the measurables fo and <τ>. First, 
the fraction of liposomes containing no protein, f0, 
should fall exponentially with increasing protein den-
sity, Eqs. 3 and 8. Second, f0 and <τ> must covary with 
protein in a required way, as may be seen from the 
  Taylor expansions around p = 0 for these two quanti-
ties, Eqs. 3 and 7:
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Thus, as fo and <τ>/τ* decrease with increasing pro-
tein density, the initial slope of the former should be 
fourfold steeper than that of the latter. Both of these 
predictions are straightforward, parameter-independent 
demands of this simple picture, and both are in dis-
tressing confl  ict with the experimental results of Fig. 8. 
The fi  rst problem is obvious from the dependence of 
Figure 7.  Kinetics of Cl− trans-
port by CLC-ec1 Cl−-dump exper-
iments as in Fig 6 were analyzed 
in two different ways. (A) Initial-
velocity method. Initial rate of 
Cl− effl   ux was determined as a 
function of protein density p in 
the reconstitution mix. These ex-
periments employed protein den-
sities <0.5 μg/mg, where the plot 
is linear and initial rates can be 
measured accurately. Each point 
represents a single time course. 
The regression line represents a 
unitary turnover rate of 4,060 s−1. 
(B) Poisson method. The “average time constant” <τ> for CLC-mediated Cl− transport was measured by fi  tting Cl− effl  ux traces at 
the indicated protein densities. Each point represents three to four measurements. Solid curve is fi  t to the data according to Eq. 7, 
using nine terms in the infi  nite sum. The fi  t value of the <τ> intercept τ* is 54.3 s, and of p0, which gives the initial slope of the curve, 
is 0.19 μg/mg.
Figure 8.  Covariation of Poisson transport parameters. Average 
time constant <τ> normalized to its zero-protein value τ* (black 
points) and f0 (red points) are plotted against protein density. Solid 
black curve for time constant is according to Eq. 7. Curves (red) fi  t 
to f0 data are single exponential (dashed), Eq. 9a, or expanded the-
ory (solid) accounting for heterogeneity in liposome radius, Eq. 10.324 Uncoupling and Turnover
f0 on p, which departs systematically from a single-
  exponential function (dashed curve). Second, the ini-
tial slopes of the two plots differ by a factor of  3 (2.8 ± 
0.6, extreme range of possible slope ratios), signifi  cantly 
less than the fourfold relation required by Eq. 9. These 
are serious quantitative discrepancies which would, un-
less explained, invalidate this avenue toward estimating 
the transporter’s unitary turnover rate.
A glaring fl  aw here is the assumption that the lipo-
somes are homogeneous in size. The invalidity of this 
assumption is apparent from examination of reconsti-
tuted liposome samples by cryoelectron microscopy. 
Fig. 9 shows an image of liposomes embedded in vitre-
ous ice, along with a size histogram derived from such 
images (a full dataset is reported in Table A1). The lipo-
somes are spherical, but their size distribution is quite 
wide, with standard deviation (29 nm) about equal to 
the mean radius (26 nm). Accordingly, we expanded 
the theory above by abandoning the assumption of size 
homogeneity and explicitly using the measured radius 
distribution, ρ(r), to produce a more realistic set of 
  predictions. Details of this treatment are given in the 
  Appendix, and we state only the key results here. First, 
the protein dependence of f0 is no longer expected to 
be single exponential, but rather is given by combining 
Eqs. A9b and A2:
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σ is the membrane area per lipid mass and φ the frac-
tion of active protein as above. This function, shown in 
Fig. 8 (solid curve), fi  ts the experimental data extremely 
well with a single adjustable parameter. Moreover, the 
initial slopes of the f0 and <τ>/τ* plots are now pre-
dicted to differ by a factor of  2 instead of 4, in reason-
able agreement with observation.
These satisfying correspondences between theory and 
experiment provide a solid basis for using this approach 
for its intended purpose: to calculate the unitary turn-
over rate from the value of τ*. To do this, we must again 
take the liposome size distribution into account instead 
of merely applying Eq. 1, which assumes uniform lipo-
somes. An expression, Eq. A12, analogous to Eq. 2, 
  relates τ* to the unitary turnover rate in terms of higher 
moments of the radius distribution:
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With a measured unitary time constant of 54 s, this rela-
tion produces a unitary turnover rate of 4300 ions/s, in 
excellent agreement with the initial-velocity estimate 
above. This agreement also confi  rms that virtually all 
the protein in the preparation is functional. We note 
that this rate is measured at 300 mM Cl−, zero voltage, 
25°C, pH 4.5, where the transporter’s pH rate profi  le is 
maximal (Iyer et al., 2002; Accardi et al., 2004), and under 
conditions approximating “zero trans” unidirectional 
net fl  ux. This calculation refers to the homodimeric 
protein; if each subunit operates independently as an 
exchanger—an experimentally unsupported idea based 
solely on analogy to fast gating in the CLC channel sub-
family (Middleton et al., 1994; Miller, 2006)—the turn-
over rate per subunit would be half of the above value, 
Figure 9.  Liposome size distribution. Lipo-
somes were examined by cryoelectron mi-
croscopy to determine the population’s size 
distribution. Liposomes near the edge of the 
hole in the carbon fi  lm are shown, along with 
a histogram of radii, pi, calculated from  400 
measurements.  Walden et al. 325
 2,100 s−1. We should also note that a large error in the 
estimation of turnover rate arises if liposome size het-
erogeneity is not considered, by using the mean lipo-
some radius in Eq. 2; in this case, the calculated value of 
γ0 would be roughly eightfold lower than the correct 
value, Eq. 11, and indeed than the initial-velocity esti-
mate, Eq. 1, which itself is a lower limit.
Unitary Turnover Rates of Uncoupled Mutants
We are fi  nally in position to address the question origi-
nally motivating this analysis: how the absolute rate of Cl− 
transport is altered in the uncoupled Y445 mutants. To 
do this, we need not subject each mutant to a full Poisson 
analysis, but rather have only to apply initial-  velocity anal-
ysis, which is now validated by the results above. Effl  ux 
measurements were accordingly made on the Y445 mu-
tants reconstituted at two protein densities each, and uni-
tary turnover rates are displayed in Fig. 10, in order of 
tightness of coupling. This survey shows that all the Y445 
variants have unitary rates in the same   order of magni-
tude, ranging from 25–130% of the wild-type value, and 
that turnover rate does not correlate with the coupling 
ratios. For instance, Y445A and Y445H, mutants with high 
and low rates, respectively, are both   severely uncoupled, 
the well-coupled Y445W and partially coupled Y445L 
have the lowest rates, and the rate of the completely un-
coupled Y445G is close to that of the well-coupled Y445F.
DISCUSSION
The realization that the CLC proteins are subdivided 
into H+-gated Cl− channels and H+-driven Cl− pumps 
raises the question of how such fundamentally dissimi-
lar mechanisms of transmembrane Cl− movement can 
be supported by a single molecular family. It has long 
been known that the channels display hints of trans-
porter-like behavior (Richard and Miller, 1990; Pusch 
et al., 1995; Chen and Miller, 1996; Maduke et al., 2000), 
a feature that now, in light of the CLC family’s androgy-
nous character, is not so perplexing as it once was. Con-
versely, recent structure–function analysis of CLC-ec1 
suggested that this tightly coupled Cl−/H+ exchanger 
displays channel-like characteristics (Accardi et al., 2005, 
2006; Miller, 2006; Nguitragool and Miller, 2006). In 
particular, instead of localized substrate binding sites 
that simply switch exposure to the two sides of the mem-
brane, as in alternating access schemes of coupled trans-
port (Lemieux et al., 2004), CLC-ec1 appears to offer 
transmembrane “pathways” along which Cl− and H+ 
diffuse, albeit in a coordinated and still unknown way.
In examining the transport mechanism informed by 
the crystal structure, we previously described two gluta-
mate residues located near the extracellular and intra-
cellular surfaces, mutations of which wholly extinguish 
H+ movement but retain Cl− transport (Accardi and 
Miller, 2004; Accardi et al., 2005). The carboxyl groups 
of these residues appear to transfer protons between 
the protein interior and the aqueous solutions, i.e., to 
deliver protons to and remove them from the coupling 
machinery. We do not know the specifi  c pathway along 
which protons move between these two glutamates, but 
positioned halfway between them at the center of the 
membrane is Y445, which directly coordinates the de-
hydrated central Cl− ion (Fig. 1) and lies near the pro-
posed bifurcation point of the Cl− and H+ pathways. 
The prominent position of this tyrosine residue, along 
with our earlier fi  nding (Accardi et al., 2006) that sev-
eral mutations here affect the H+/Cl− transport ratio, 
makes it an obvious focus for deeper study.
We fi  nd that mutations at Y445 produce variable 
  uncoupling, such that the H+/Cl− transport ratio roughly 
correlates with the volume of the substituted side chain. 
In none of these mutants is proton transport lost com-
pletely; even the severely uncoupled variants show a 
small amount of Cl−-driven proton pumping. Thus, the 
basic H+/Cl− exchange mechanism still operates in the 
mutants but appears to be overwhelmed by variable 
  degrees of Cl− “slippage”; this conclusion is illustrated 
directly by the Cl− leak dwelling within the partially un-
coupled mutant Y445I (Fig. 5). Earlier crystallographic 
work established that point mutations at Y445 do not 
perturb the overall structure of CLC-ec1 (Lobet and 
Dutzler, 2005; Accardi et al., 2006), so we can be reason-
ably confi  dent that these effects of mutagenesis refl  ect 
specifi  c disruption of the proton transport mechanism 
and its linkage to Cl− movement.
It is natural to imagine that mutations of a tightly cou-
pled exchanger that impair movement of one substrate, 
H+, would also retard the other, Cl−. But in view of the 
dual nature of the CLC family, a contrary picture is also 
easy to envision, that the uncoupled mutants might ren-
der the transporter more “channel like” in its behavior. In 
the former case, the absolute Cl− transport rate would 
  decrease upon mutation, while in the latter it might be 
Figure 10.  Unitary turnover rates for 445 variants. Unitary turn-
over rates, γ0, were measured for the Y445 substitutions indicated, 
by the initial-velocity method. Each bar represents mean ± SEM 
of three to six independent determinations. The 445 substitutions 
are arranged from left to right in order of the H+/Cl− transport 
ratio, Y being the most coupled, and G the least.326 Uncoupling and Turnover
  expected to rise. But the unitary turnover rates of variously 
uncoupled mutants confi  rm neither of these expecta-
tions. The Cl− transport rate is neither greatly diminished 
nor greatly increased by the uncoupling mutations. In-
stead, all of the mutants transport Cl− at rates in the wild-
type range, from fourfold lower to 30% larger.
Wild-type protein strictly couples H+ and Cl− move-
ments with no discernable Cl− slippage (Nguitragool 
and Miller, 2006). The lowered transport ratios of the 
uncoupled mutants show that exchange slows substan-
tially as the tyrosine side chain is altered; but despite 
this slowing of H+ movement, Cl− somehow manages to 
slip through the uncoupled protein at respectable rates. 
We do not have a picture of this Cl− slippage, but two 
possibilities come to mind. A “uniport” model would 
envision the same cycle of conformational changes that 
couples H+ and Cl− to carry Cl− alone across the mem-
brane, at roughly the same rate. In contrast, an “incipi-
ent channel” model would view the protein stuck at a 
point in the exchange cycle, waiting for a tardy proton; 
while thus stalled, the normally closed Cl− pathway 
would fl  uctuate open wide enough to allow anions to 
squeak through diffusively, albeit at rates several orders 
of magnitude below the high rates typical of ion chan-
nels, until protonation occurs and the normal exchange 
cycle resumes. This picture, in distinction from the uni-
port model, would view the rough equality of leakage 
and coupled Cl− fl  ux rates as purely coincidental.
Our results do not distinguish these alternatives, but 
they show that the exchange mechanism, whatever its 
nature, has an inherent tendency toward uncoupling, a 
tendency that a tyrosine at the crucial 445 position com-
pletely suppresses. That is an intriguing inference remi-
niscent of the puzzling uncoupled ion conductances 
embedded within a variety of ion-coupled transporters 
for glutamate, serotonin, dopamine, and other neu-
rotransmitters (Kanner and Borre, 2002). The origins, 
mechanisms, and biological functions of these pump-
dwelling leaks are obscure, but they appear to be intrin-
sic features of these transporters. We have no evidence 
linking them to the Cl− leak uncovered here in the CLC 
exchanger, but the analogy is nonetheless striking. A 
more detailed understanding of the CLC exchange 
mechanism may therefore have relevance beyond this 
family of Cl−-transporting proteins.
We recognize that our results may confuse more than 
clarify the role of Y445 in CLC proteins. At fi  rst glance, 
this tyrosine seems a natural candidate to   mediate Cl−/
H+ exchange in the transporters and Cl− permeation in 
the channels. Its hydroxyl group, a potential H+ trans-
fer catalyst, directly coordinates a Cl− ion in the crystal 
structure of CLC-ec1, near in the center of the protein 
where the Cl− and H+ pathways appear to intersect. 
Moreover, the side chain contributes to a constriction 
occluding cytoplasmic access to the Cl−-binding region, 
although there is no direct   evidence that this represents 
an inner “gate.” The strong conservation of this tyrosine 
across both CLC subclasses is sensible as well, as both 
use protons to move Cl−, the transporters via direct ex-
change, the channels via a gating mechanism thought 
to involve transmembrane H+ movement (Miller, 2006; 
Traverso et al., 2006). But this coherent picture is mud-
died by experimental facts. Removal of the tyrosine hy-
droxyl group has only minor effects on Cl− permeation 
in the channels (Accardi and Pusch., 2003; Chen and 
Chen, 2003), or on H+/Cl− coupling in the exchanger 
studied here. The side chain at position 445 strongly 
  infl  uences the rate of both stoichiometric H+/Cl− ex-
change and Cl− slippage, but we have no satisfactory ex-
planation for the striking absence of correlation between 
coupling ratio and absolute turnover rate. Furthermore, 
the side chain chemistry that determines H+ coupling is 
unclear; larger side chains tend to show tighter  coupling, 
regardless of H+ transfer capability, but this correspon-
dence is not mechanistically enlightening, since other 
chemical factors, such as aromaticity or hydrophobicity, 
roughly covary with side chain volume.
But perhaps confusion about the exchange trans  port 
mechanism should not be so surprising. The dual na-
ture of the CLC proteins was only recently   recognized 
  (Accardi and Miller, 2004), and mecha  nistic studies in 
light of this realization are still in an early stage. The 
crystal structures of this CLC transporter and its mutants 
are of only two conformations, occluded and extracellular 
open, while other, as yet unseen, conformations must 
be involved in a full   transport cycle (and no structures 
of the channel subclass are known). Finally, the extant 
CLC crystal structures are too low in resolution to see 
water molecules, which are very likely to be involved 
in H+ coupling. This is a defi  ciency because side chain 
substitutions will inevitably lead to subtle changes in hy-
dration of the ion-binding region, which could lead to 
large changes in H+ coupling and Cl− slippage. Future 
structures of improved resolution may help resolve the 
questions opened up by the results presented here.
APPENDIX
Poisson Treatment for Nonuniform-Radius Liposomes
We want to calculate the unitary turnover rate γo from 
the Cl− effl  ux time constant in the limit of low protein, 
without assuming size-homogeneity of the liposomes. 
We start by considering two classes of spherical lipo-
some, of radius r1 and r2 with NL1, NL2 liposomes in each 
class. The system consists of a fi  xed mass of lipid with 
total area A, and a total number of protein molecules 
Np reconstituted randomly into the liposomes.
We fi  rst consider the class-1 liposomes only and pro-
ceed with Poisson analysis for this homogeneous-radius 
population. For these liposomes, the Poisson parameter 
is μ1 = N p1/NL1, where Np1 is the number of protein   Walden et al. 327
molecules associated with the NL1 liposomes. The prob-
ability of a given protein residing in a given liposome is 
proportional to membrane area of that liposome,
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and so the Poisson parameter for the class-1 liposomes is
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The fraction of class-1 liposomes containing i protein 
molecules, f1i, is Poisson distributed:
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The treatment in the main text gives the average time 
constant for these liposomes only:
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where τ1(μ1) = average time constant for the class-1 li-
posomes, a function of μ1, τ1* = unitary time constant 
(low-protein limit) for the class-1 liposomes.
Notice that we have changed notation slightly from that 
used in the main text. The subscript “1” refers to the class-1 
liposomes, and the “averaging” brackets are removed; but 
don’t forget that τ1(μ1) still represents an average over all 
the liposomes in class-1. Then, in the low-protein limit,
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Everything above follows exactly the same treatment as 
for homogeneous liposomes, because the class-1 lipo-
somes are by assumption uniform in size. An identical 
treatment applies to the class-2 liposomes, where μ2 = 
4πr2
2Np/A, etc.
Now consider the physical situation in the Cl− effl  ux 
assay. A key feature, not present in the treatment for uni-
form liposomes, is that the two liposome classes contrib-
ute to the kinetic time course unequally, for two reasons. 
First, each liposome releases Cl− ions proportionally to 
its volume. Second, as stated in Eq. A2, the probability of 
a liposome containing a protein molecule is proportional 
to the area of the liposome, so a given protein molecule 
is more likely to end up in a large liposome than in a 
small one. This double- whammy weights the Cl− effl  ux 
kinetics heavily toward the larger liposomes.
The effl  ux from this two-component liposome popu-
lation is given by a double-exponential normalized re-
laxation R(t):
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The integral of this relaxation represents a new kind of 
“average time constant,” with the brackets representing 
averaging over the two liposome classes:
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(We can think of <τ> as a two-dimensional average. 
The τ1 and τ2 represent “vertical” averages within each 
liposome class, while the fi  nal <τ> averages these indi-
vidual class values “horizontally” over the two classes.) 
The amplitude A1 refl  ects the amount of Cl− initially 
trapped in the class-1 transport-active liposomes, which 
is proportional to the volume entrapped by those lipo-
somes that contain protein. This is the product of the 
volume of a single class-1 liposome and the number of 
class-1 liposomes containing protein, NL1(1 − f10). An 
identical argument applies to the class-2 liposomes. 
Thus, we arrive at expressions for both the measured 
time constant <τ> of the relaxation and the measured 
volume fraction <f0> of the protein-free liposomes:
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The “grand canonical” time constant <τ> is still just the 
integral of the normalized effl  ux time course, as before. 
We call this integral a time constant in anticipation that 
the time course will look single exponential. This will be 
true if the two classes of liposomes are of similar radii, but 
not if they are very different in size. (In this latter case, 
the relaxation would look biexponential, but the integral 
would still be rigorously given by Eq. A7a; you just would 
call it an “area” instead of a “time constant.”) We now 
write Eq. A7 in a more compact form by using the radius 
probability distribution. Let ρk be the discrete probability 
distribution for liposome radius, with k = 1,2:
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Eqs. A9a and A9b apply to any number of discrete lipo-
some classes, and identical expressions hold for a con-
tinuous radius distribution with probability density ρ(r). 
We recall that μ and hence <τ> and <f0> are func-
tions of both liposome radius and protein and that the 
brackets represent averages over ρ(r). In the limit of low 
protein, our experimental range of interest, (1 − e−μ) 
≈ μ, and so
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Remember that τ*(r) denotes the unitary time con-
stant for liposomes of a given size. Taking the limit 
of  <τ> as protein approaches zero and inserting 
Eq. A2, we obtain the experimental unitary time con-
stant <τ*>:
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Finally, we relate <τ*> to the unitary turnover rate 
γ0 by remembering that τ*(r) is itself a function 
of r:
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which provides the fi  nal result:
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By applying a similar argument to Eqs. A9a and A9b, it 
is easy to show that the ratio of initial slopes of the f0 and 
<τ>/τ1 plots is:
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≈2.0 for the radius-distribution here
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